Experiments with the ultraviolet (UV)/H 2 O 2 advanced oxidation process (AOP) were conducted to investigate the abatement of micropollutants in wastewater treatment plant effluent. The fluence and the starting concentration of H 2 O 2 in a bench-scale batch reactor were varied according to response surface method (RSM) to examine their influence on the treatment efficiency. It was shown that the investigated AOP is very effective for the abatement of micropollutants with conversion rates typically higher than 90%. Empirical relationships between fluence, H 2 O 2 dosage and the resulting concentration of micropollutants were established by RSM. By this means it was shown that X-raycontrast media had been degraded only by UV light. Nevertheless, most substances were degraded by the combination of UV irradiation and H 2 O 2 . Based on RSM an optimisation of multiple responses was conducted to find the minimal fluence and H 2 O 2 dosage that are needed to reach an efficient abatement of micropollutants.
INTRODUCTION
Anthropogenic organic substances appear in surface water due to municipal and industrial emissions (Schwarzenbach et al. ) . Municipal wastewater treatment plants (WWTPs) were shown to be a main source of these so called micropollutants in the aquatic environment, as most of them are not efficiently degraded by biological processes (Joss et al. ; Ort et al. ) . Even at low concentrations, adverse effects of micropollutants on the aquatic environment were detected (Jobling et al. ; Hoeger et al. ; Triebskorn et al. ) . Therefore, beside prevention measures at the source, further micropollutant technologies at WWTPs need to be investigated (Reungoat et al. ; Schaar et al. ) .
Advanced oxidation processes (AOPs) have the ability to chemically convert most micropollutants into transformation products, carbon dioxide and water by producing highly reactive OH radicals. A promising AOP is the combination of ultraviolet (UV) radiation with the addition of hydrogen peroxide (H 2 O 2 ) in which micropollutants are converted directly via UV radiation and indirectly via the production of OH radicals through H 2 O 2 photolysis (Pereira et al. ) . For drinking water supply, UV/H 2 O 2 has already been successfully applied in pilot-scale research and in a full-scale installation (Kruithof et al. ; Metz et al. ) . The efficiency of the UV/H 2 O 2 AOP to convert micropollutants in municipal wastewater has been proven in bench-scale experiments (Lee & von Gunten ; Rosario-Ortiz et al. ) and investigated in municipal WWTPs and at hospitals with highly loaded wastewater (STOWA ; Tuerk et al. ) . To the authors' knowledge, no full-scale UV/H 2 O 2 treatment has so far been installed at a municipal WWTP.
To efficiently install a UV/H 2 O 2 AOP for municipal wastewater treatment, the proper design of the variables influencing the abatement of micropollutants must be assured. This is because the application of AOPs is a tradeoff between the treatment goals that have to be reached and the costs for the AOP that is used to reach the treatment goals. Design of experiments (DOE) with response surface methods (RSMs) can be applied to find an optimal setting of AOPs for a specific treatment goal. In general, RSMs are used to model, analyse and optimise processes by statistical means. Applying RSMs, optimal process parameters can be found for any process in which a process response is influenced by several variables. RSMs were shown to be adequate for designing UV/H 2 O 2 AOPs to remove dyes and surfactants from water (Rauf et 
MATERIALS AND METHODS

Materials
The water samples used for the experiments were taken from the secondary effluent of a municipal WWTP. The total amount of water needed was collected with a pump, filled into an intermediate bulk container and stirred. This water was transferred into bottles with a volume of 3 L each and stored at À20 W C. For the experiments the required amount of water was defrosted over night at room temperature. The chemical oxygen demand (COD) of the water was 20.0 mg/L, total organic carbon (TOC) was 7.7 mg/L and alkalinity was 4.7 mmol/L. The first row of Table 1 shows the initial concentrations of all investigated organic compounds. No additional spiking was undertaken. The cylindrical batch reactor had a volume of 2.5 L and an effective UV C path length of 3.5 cm. A low-pressure mercury lamp, which emitted light at 254 nm, was used (TNN15/32, Heraeus, Hanau, Germany). Actinometric batch-experiments were conducted prior to the trials in the same bench-scale reactor system in order to detect the UV C fluence of the used lamp. Uridine (Roth, Karlsruhe, Germany) was used as chemical actinometer. Ultrapure water and a starting concentration of 30 mg Uridine /L were used. The quantum yield of the uridine actinometer was taken from Kuhn et al. () as 0.018. Samples were taken from the stirred solution at different time intervals before being analysed with a photometer at 262 nm. A photon irradiance of 9.68 × 10 À6 Einstein s À1 at 254 nm was determined. H 2 O 2 (30%, w/w) was purchased from Merck, Darmstadt, Germany. Concentrations of 10, 90 and 170 mg H2O2 /L in the reactor were adjusted with a pipette. Instantly after the H 2 O 2 was added to the reactor, the reaction was started by immersing the lamp after it had warmed up for 3 min. Reaction times of 1, 5.5 and 10 min, corresponding to fluences of 108, 594 and 1,080 J/L, were applied.
The AOP reaction was stopped by switching off the UV lamp. Immediately after the lamp had been switched off, potassium iodide starch paper (Merck, Darmstadt, Germany) was dipped into the water to check whether some oxidant was remaining. Residual H 2 O 2 was destroyed by applying sodium sulphite (Sigma-Aldrich, Steinheim, Germany) until iodide starch paper indicated sufficient sulphite dosage.
Chemical analyses
Pharmaceuticals and Benzotriazole were extracted and enriched from the initial and treated samples by solid phase extraction (SPE) on N-VinylpyrrolidoneDivinylbenzol-copolymer cartridges (Oasis HLB, Waters Corporation, Milford, USA) with a Zymark Autotrace SPE workstation. Liquid chromatography (LC) and highresolution mass spectroscopy (MS) were used to separate and detect the substances (LTQ-Orbitrap, Thermo Electron, USA). A Hypersil Gold phenyl column (Thermo Electron) with an injection volume of 10 μL was used. Quantification was done in high-resolution selected ion monitoring (SIM) modus and identification was conducted by parallel recording of the MS/MS-spectra. Limit of quantification (LOQ) was 10 ng/L. Diatrizoic acid and Iopamidol were enriched from the water with the same workstation, but conducting SPE with ENV þ polystyrene-divinylbenzol polymer SPE cartridges (200 mg). LOQ was 10 ng/L. Octadecyl-(C18)-SPE cartridges were used to enrich Bisphenol A. LOQ was 10 ng/L.
With the aim of detecting organophosphorous compounds, 1 L of the wastewater sample was filtered with a glass fibre filter and D27-Tributylphosphate was added as internal standard (100 μL). Enrichment was conducted with a Zymark AutoTrace. After enrichment, the eluate was evaporated to less than 1 mL. The residue was filled up to 1 mL with ethyl acetate. SIM was used for measurements for MS. For MS a Finnigan MAT 95 XL was used. LOQ was 10 ng/L.
For EDTA detection, 2 mL of a 1,2-PDTA solution were added to the sample as internal standard. Gas chromatography (GC) was conducted with a HP 6890 and a CTC A 200 S auto sampler at a flow rate of 1 mL/min. For MS a Finnigan MAT 95 XL was used. LOQ was 1 μg/L.
Experimental design
Factorial designs enable maximum information about an investigated system to be gained with a minimum number of experiments. This information includes the interaction between factors. Mathematical models are developed on an empirical basis by factorial designs. For process optimisation, RSM is an adequate method that has been proven to be able to optimise a wide range of different systems (Biazus et al. ; Khayet et al. ; Giraldo et al. ) .
A face central composite design (CCD) was used as experimental design for the RSM (Montgomery ). The initial concentration of H 2 O 2 and the fluence were chosen as independent variables. Other parameters influencing the oxidation-like temperature, pH and initial concentration of micropollutants were kept constant.
As the goal of the experiments was the abatement of micropollutants, their concentrations subsequent to treatment were chosen as process responses. In total, 13 experiments were conducted for the experimental design, which was created with the Design Expert ® software Version 8.0.5.
RESULTS AND DISCUSSION
Wastewater experiments Table 1 presents the experimental design (first two columns on the left) and the concentration of micropollutants after UV/H 2 O 2 treatment. Abatement was higher than 90% for most of the investigated substances at most experimental settings. Whenever LOQ was reached, the corresponding LOQ values were used to calculate the abatement. At medium setting of fluence and H 2 O 2 , concentrations lower than 100 ng/L were reached for all investigated substances except for TCPP and EDTA. Due to its low starting concentration and its high LOQ the abatement of EDTA was generally higher than 45%. Nevertheless, a final evaluation of the quality of the abatement of EDTA with the investigated AOPs is not possible on the basis of these results. The abatement of diclofenac was most effective as its LOQ was reached in every experiment corresponding to an abatement of more than 99% for each setting. Based on the experimental results, the predicted concentrations in Table 1 were calculated. For this purpose, an empirical relationship between the fluence and H 2 O 2 dosage (factors) on the one side and the concentration of micropollutants (process response) on the other side was established. Table 1 shows that the predicted values are in good accordance with the experimental values. The empirical equations used to calculate the predicted concentrations are shown in Table 2 with coded values for fluence (A) and H 2 O 2 dosage (B). Coding of the values is conducted to be able to directly compare the impact of factors on the process response. Therefore, the range of fluence and H 2 O 2 dosage is scaled to values from À1 to 1. On the basis of the relationship gained by the equations, the influence of the factors A and B on the process response can be quantified by the numbers multiplied by the factors.
For most of the investigated substances, A and B show coefficients in the same range (Table 2), i.e. there are comparable effects of the factors on the micropollutant removal. For diatrizoic acid, the coefficient for A is 70 times higher than the value for B, which indicates that H 2 O 2 dosage has a minor effect on the conversion of diatrizoic acid. This can be explained by the presence of a photosensitive bond between iodine and carbon atoms in the diatrizoic acid molecule (Sprehe et al. ) . Therefore, its conversion is mainly due to UV-light. For diclofenac and EDTA, no equation was gained as LOQ was reached in nearly every experiment.
The model F value of a factor shown in Table 2 compares the variance of that factor with the variance of the residuals (error). If the model F value exceeds unity, it is likely that the factors have an effect on the process response. The p value is associated with the F value and indicates the probability to get an F value of its size due to chance alone. Generally, a p value lower than 0.05 indicates that there is a 95% confidence that the F values are caused by the corresponding factors. All F values in Table 2 exceed unity indicating an effect by the UV/H 2 O 2 treatment. Moreover, all model terms except the one for bisphenol A are significant as the p values are lower than 0.05. Bisphenol A has the lowest model F value and its p value indicates that there is a 15% chance that its model F value was caused by noise. This poor result is due to the low concentration of bisphenol A in the raw water (Table 1 ). Based on low initial bisphenol A concentration, LOQ was reached in most experiments and therefore no significant empirical relationship was obtained. Figure 1 shows the contour plots for metoprolol and diatrizoic acid. They were generated with the data from Table 2 . The metoprolol concentration decreases with both an increasing fluence and an increasing concentration of H 2 O 2 . This indicates that OH radicals are causing the abatement of metoprolol. In contrast to this, diatrizoic acid is increasingly degraded with an increasing UV fluence, while H 2 O 2 has no effect. As explained before, diatrizoic acid is chemically converted by UV light only.
Optimisation
A numerical optimisation was used to find the lowest possible fluence and H 2 O 2 dosage that can be used for the abatement of all substances. The optimisation was conducted with desirability functions (Derringer & Suich ) in order to simultaneously optimise all factors and responses. The factors and responses were transformed into desirability values d i representing the desirability of each individual response or factor. Different transformations were determined for factors and responses. Transformation of the factors was done by weighting each factor i (Y i ) with a weight wt according to Equation (1).
In Equation (1) the maximum acceptable value of Y i is Y i* , above which the desirability is zero, indicating a poor result. The highest dose or fluence applied during experiments was taken as Y i* . The lowest dose or fluence was taken as Y i0 , the lowest value of Y i . A linear dependency between factors and desirability is gained if a value of one is chosen for the weight.
For responses (concentration of micropollutants) a transformation as shown in Equation (2) was used.
Additionally to weighting each factor, the importance r i of each factor and result was rated to give the overall desirability D according to Equation (3). The same importance was given to all factors and responses to be able to detect factors or responses with the highest impact on the result.
So far there are no environmental quality standards for the substances investigated in this work that could have been used as the maximum acceptable substance concentration Y i* . The values used instead were based on a concept to evaluate health-based parametric values for substances whose effects are unknown (UBA ). In summary, if the results stay within a defined range of concentration, a high value is gained for their desirabilities and if the amount of each factor is minimised, high values are gained for their desirabilities. In this case the overall desirability also reaches a high performance, which is indicated by a value of D close to unity. The overall desirability was searched numerically by a simplex optimisation algorithm (Spendley et al. ) .
The values used for optimisation and the results of the numerical optimisation are shown in Table 3 . Due to their insignificance revealed by analysis of variance (ANOVA), diclofenac, bisphenol A, TCPP and EDTA were not used for optimisation.
The resulting fluence and H 2 O 2 dosage needed to reduce the concentration of micropollutants to the chosen values are 567 J/L and 73 mg/L, respectively. Benzotriazole is revealed as the most recalcitrant substance because its optimised value is the closest to its Y i* . The resulting elevated dosage can be linked to the high concentrations of bulk organics and inorganic carbon in the treated wastewater, competing with micropollutants for OH radicals and acting as scavengers (Rosario-Ortiz et al. ).
The resulting contour plot of the optimisation shows only a narrow area for which the overall desirability exceeds unity, indicating that only in this area all concentrations of micropollutants are reduced to the chosen values (Figure 2) . A small variation of the factors can lead to a large deviation of desirability; a technical-scale UV/H 2 O 2 process has to be operated carefully in order to accomplish an optimum in terms of trace organics removal and economically feasible H 2 O 2 and energy consumption.
CONCLUSIONS
In this study, bench-scale experiments were conducted to investigate the UV/H 2 O 2 AOP for the abatement of micropollutants in WWTP effluent. As the experiments were planned and carried out according to DOE it was possible to optimise the factors with a multiple responses approach. The following conclusions can be drawn:
• UV/H 2 O 2 is very effective in reducing the concentration of micropollutants in WWTP effluents though high dosages are required due to elevated concentrations of bulk organics and inorganic carbon.
• Applying RSM to investigate UV/H 2 O 2 AOPs reveals how effective the AOP is for every single substance and indicates by which mechanism the abatement of micropollutants takes place (photolysis or OH radicals).
• The multiple responses approach enables the optimisation of all investigated factors at the same time. Therefore the fluence and the dosage of H 2 O 2 that should be applied can be adapted to the chosen goals.
• From the multiple responses approach the most recalcitrant micropollutant can be detected easily. This may lead to a simplified monitoring by focussing on the most recalcitrant substance.
The use of DOE is very functional for micropollutant removal as statistically significant information can be obtained for every investigated substance. Moreover, all results form part of a multiple responses approach to generate an overall result for the chosen application. 
